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The Falling Weight Deflectometer (FWD) is a Nondestructive Test (NDT) equipment 
used to assess the structural condition of highway and airfield pavement systems and to 
determine the moduli of pavement layers. The backcalculated moduli are not only good 
pavement layer condition indicators, but are also necessary inputs for conducting 
mechanistic based pavement structural analysis. In this study, Artificial Neural Networks 
(ANNs) based backcalculation models were employed to rapidly and accurately predict 
flexible airport pavement layer moduli from realistic FWD deflection basins acquired at 
the U.S. Federal Aviation Administration’s (FAA’s) National Airport Pavement Test 
Facility (NAPTF). The uniformity characteristics of NAPTF flexible pavements were 
successfully mapped using the ANN predictions.  
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1. Introduction 
Much of the road infrastructure in both the United States and around the world is fast 
deteriorating due to age, increased demand on infrastructure systems, and inadequate 
investment. The problem concerns deterioration of an aging road infrastructure and how 
best to control it, taking into account the best interests and constraints of the economy 
and resources. A critical issue is the need to rapidly and cost-effectively evaluate the 
present condition of pavement infrastructure. Nondestructive test (NDT) and evaluation 
methods are well-suited for characterizing materials and determining structural integrity 
of pavement systems (Rix et al. 1995). Structural evaluation of pavements provides a 
wealth of information concerning the expected behavior of pavements (Haas et al. 1994).  
 The Falling Weight Deflectometer (FWD) is a NDT device (see Fig. 1) used by 
pavement engineers to evaluate the structural condition of roads and airport runways and 
to determine the moduli or stiffness of pavement layers. During the last fifteen years, 
FWD and the measurements made using this type of NDT equipment have gained their 
own place in routine pavement management practices in many countries (Macdonald 
2002).  
 
 
Figure 1. Picture of Falling Weight Deflectometer (FWD) NDT equipment attached to a 
van. 
 
 During FWD testing, a dynamic load is generated by a mass free falling onto a set 
of rubber springs and the device is set up to strike the pavement at a given force. Sensors 
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placed around the plate and in a straight line radiating from the plate record the 
deflections in the pavement (analogous to ripples in a pond) induced by the falling 
weight. Thus, the FWD is an impulse-type testing device that imparts a transient load on 
the pavement surface, and the duration and magnitude of the force applied is 
representative of the load pulse induced by a truck/aircraft moving at moderate speeds. 
FWD devices are now used to evaluate the load-bearing capacity of existing pavements 
and provide material properties of in-situ pavement and subgrade layers for the design of 
pavement rehabilitation alternatives (Macdonald 2002). 
 In the field, the pavement deflection basins are obtained from the FWD 
measurements which require the use of backcalculation type structural analysis to 
determine pavement layer stiffnesses and as a result estimate pavement remaining life. 
The accuracy of pavement strength estimation from FWD measurements is particularly 
important since it impacts the design of pavement overlay thickness. Without accurate 
prediction, pavement designers might recommend an overlay that will be too thin, which 
will make it insufficiently durable, or too thick, which will make it unnecessarily 
expensive (Lee et al. 1998).  
 Backcalculation is the accepted term used to identify a process whereby the 
elastic (Young’s) moduli of individual pavement layers are estimated based upon 
measured FWD surface deflection basins (Huang, 2003). Over the years, many 
backcalculation programs have been developed to interpolate the FWD data, including 
both static and dynamic assumptions. However, most popular backcalculation programs 
are based on the static assumption, which use only peak values of the FWD response time 
histories. Although, dynamic backcalculation is more attractive than static 
backcalculation since it considers dynamic effects of pavement and dynamic 
characteristics of FWD, it is relatively complex and has not been commonly used for 
routine analysis and design purposes. 
 As there are no closed-form solutions to accomplish this task, a mathematical 
model of the pavement system (called a forward model) is constructed and used to 
compute theoretical surface deflections with assumed initial layer moduli values at the 
appropriate FWD loads. Through a series of iterations, the pavement layer moduli are 
changed, and the calculated deflections are then compared to the measured deflections 
until a match is obtained within tolerance limits. Most commercial backcalculation 
programs utilize an Elastic Layered Program (ELP) as the forward model to compute the 
surface deflections. 
 The ELPs used in asphalt pavement analysis consider the pavements as an elastic 
multi-layered media, and assume that pavement materials are linear-elastic, homogenous, 
and isotropic. Pavement geomaterials (unbound granular materials and subgrade soils) do 
not, however, follow a linear type stress-strain behavior under repeated traffic loading. In 
effect, nonlinear stress-sensitive response of unbound aggregate materials and fine-
grained subgrade soils has been well established (Brown and Pappin 1981, Thompson 
and Elliot 1985, Garg et al. 1998).  
 Thus, pavement structural analysis programs that take into account nonlinear 
geomaterial characterization, such as the ILLI-PAVE finite element program (Raad and 
Figueroa 1980) need to be employed to more realistically predict pavement responses 
needed for mechanistic based pavement design. Developed at the University of Illinois, 
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ILLI-PAVE is an axisymmetric finite element program which models the pavement as a 
two-dimensional axisymmetric solid of revolution and employs nonlinear stress-sensitive 
pavement geomaterial stiffness models. Numerous research studies have validated that 
the ILLI-PAVE model provides a realistic pavement structural response prediction for 
highway and airfield pavements (Thompson and Elliot 1985, Thompson 1992, Garg et al. 
1998). 
 In recent years, Artificial Neural Networks (ANNs) are increasingly being used to 
solve resource-intensive complex problems as an alternative to using more traditional 
techniques. Although ANN modeling was used in the past to aid in FWD-based pavement 
moduli backcalculation (Meier et al. 1997), the structural models used to train the ANN 
did not account for realistic stress-sensitive geomaterial properties. Recent research 
studies at the Iowa State University and University of Illinois have focused on the 
development of ANN based forward and backcalculation type flexible pavement analysis 
models trained using ILLI-PAVE solutions database to predict critical pavement 
responses and layer moduli, respectively (Ceylan et al. 2004, Ceylan et al. 2005, 
Gopalakrishnan et al. 2006). 
 The primary objective of this research was to employ such ANN-based structural 
models to accurately predict flexible airport pavement layer moduli from realistic FWD 
deflection basins acquired at the U.S. Federal Aviation Administration’s (FAA’s) 
National Airport Pavement Test Facility (NAPTF). The NAPTF was constructed to 
generate full-scale traffic test data to support the development of advanced airport 
pavement design procedures. During the first series of traffic tests conducted at the 
NAPTF, a six-wheel Boeing 777 (B777) landing gear and a four-wheel Boeing 747 
(B747) landing gear were tested on flexible pavement test sections until the test sections 
were deemed failed. FWD tests were conducted on NAPTF flexible pavement test 
sections prior to traffic testing to document the uniformity of pavement test sections.  
 The ANN-based structural models trained using ILLI-PAVE solutions database 
were employed to backcalculate the NAPTF flexible pavement layer moduli from the 
FWD data. The backcalculated NAPTF pavement layer moduli are especially important 
to study the uniformity of pavement test sections both in the longitudinal as well as in the 
transverse direction and are required inputs for conducting mechanistic-based pavement 
structural analysis to compute stresses and strains. 
2. NAPTF Flexible Test Sections 
The NAPTF test pavement area is 274.3 m (900 ft) long and 18.3 m (60 ft) wide. During 
the first construction cycle, it had a total of nine (six flexible and three rigid) test sections 
built on three different subgrade materials: low-strength (target California Bearing Ratio 
[CBR] of 4), medium-strength (target CBR of 8), and high-strength (target CBR of 20). 
Supported on rails on either side, a specially designed test vehicle can apply loads of up 
to 34,020 kg (75,000 lb) per wheel on two landing gears with up to six wheels per gear. 
The NAPTF indoor test facility includes embedded pavement instrumentation and a 
dynamic data acquisition system, environmental instrumentation and a static data 
acquisition system. 
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 Two NAPTF flexible pavement test sections were considered in this study: (a) 
MFC – a conventional granular base flexible pavement resting over a medium-strength 
subgrade, and (b) MFS – an asphalt-stabilized base flexible pavement resting over a 
medium-strength subgrade. Cross-sectional views of the as-built test sections are shown 
in figure 2. The items P-209 (crushed stone base), P-154 (grey quarry blend fines) and P-
401 (plant mix bituminous pavement) are as per standard specifications detailed in the 
FAA Circular No. AC 150/5370-10A. The P-401 was used in both the Asphalt Concrete 
(AC) surface layer as well as in the stabilized layer in the MFS section. A CL-CH soil 
classification (ASTM Unified Soil Classification System) material known as Dupont 
Clay (DPC) was used for the medium-strength subgrade. The naturally-occurring sandy-
soil material (SW-SM soil classification) at the NAPTF site underlies the subgrade layer. 
 
AC Surface (P-401)
Granular Base
(P-209)
MEDIUM Strength
Subgrade
Granular Subbase
(P-154)
127 mm
200 mm
307 mm
MFC
AC Surface (P-401)
MEDIUM Strength
Subgrade
Granular Subbase
(P-209)
127 mm
127 mm
216 mm
AC Base (P-401)
MFS
2405 mm
2581 mm
 
Figure 2. NAPTF flexible pavement cross-sectional views. 
3. NDTs 
The FWD tests are commonly used to assess the structural integrity of highway/airport 
pavements in a nondestructive manner. There are many advantages to using FWD tests, 
in lieu of, or supplement traditional destructive tests for pavement structural evaluation. 
Most important, is the capability to quickly gather data at several locations while keeping 
a runway, taxiway, or apron operational during these 2-minute to 3-minute tests, provided 
the testing is under close contact with Air Traffic Control. Without FWD, structural data 
must be obtained from numerous cores, borings, and excavation pits on an existing 
airport pavement. This can be very disruptive to airport operations. FWD tests are 
economical to perform and data can be collected at up to 250 locations per day. The 
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FWD equipment measures pavement surface deflections from an applied dynamic load 
that simulates a moving wheel.  
 The deflection data that are collected with the FWD equipment can provide both 
qualitative and quantitative data about the strength of a pavement at the time of testing 
(FAA 2004). Many studies have addressed the interpretation of pavement deflection 
measurements as a tool to characterize pavement-subgrade systems, with many of the 
main findings appearing in American Society for Testing and Materials (ASTM) special 
technical publications, including those of Bush and Baladi (1989) and Tayabji and 
Lukanen (2000). 
 Nondestructive tests using the FWD equipment were conducted on NAPTF 
flexible pavement test sections prior to traffic testing to verify the uniformity of 
pavement and subgrade construction and strength. For FWD testing, the Engineering & 
Research International (ERI) Inc. equipment was used. The ERI equipment is a FWD 
KUAB Model 150
®
 with a segmented 30.5-cm (12-in) loading plate. A pulse width of 
27-30 msec was used during the FWD tests.  
 The FWD tests were conducted on June 14, 1999 at nominal force amplitudes of 
40-kN (9,000-lb), 60-kN (13,500-lb), 82.3-kN (18,500-lb), and 115.2-kN (25,900-lb). 
This study focused on the 40-kN (9,000-lb) FWD test results. Based on linear FWD load-
deflection behaviors observed for both flexible and rigid airport pavements, McQueen et 
al. (2001) suggested that using NDT force amplitudes at prototypical aircraft loading may 
not be necessary to evaluate airport pavements. They further indicated that the amplitude 
of the FWD impulse load does not seem to be critical provided the generated deflections 
are within the limits of all deflection sensors. 
 During the NAPTF FWD tests, the deflections were measured at offsets of 0-mm 
(D0), 305-mm (D1), 610-mm (D2), 914-mm (D3), 1219-mm (D4), and 1524-mm (D5) 
intervals from the center of the load. A schematic of FWD test locations in each of the 
test sections is displayed in Fig. 3. Note that during the NAPTF traffic testing, the B777 
test gear was centered on LANE 2 whereas the B747 test gear was centered on LANE 5. 
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Figure 3. Schematic of FWD test locations in each NAPTF test section. 
 
 The FWD load-deflection relationship for NAPTF medium-strength flexible test 
items is shown in Fig. 4 for all six measured deflections. It appears that the load-
deflection relationship is nearly linear. The non-linearity or stress-dependency of resilient 
modulus for unbound granular materials and cohesive fine-grained subgrade soils is well 
documented in literature (Brown and Pappin 1981, Thompson and Elliot 1985, Garg et al. 
1998). Thus, if a granular material overlies a fine-grained subgrade, an increase in load 
level from the test load imposed on the pavement during non-destructive HWD testing 
will increase the base modulus and decrease the subgrade modulus. The net effect is that 
the surface deflections could be nearly linear with increasing load. Thus, even if the 
HWD load-to-deflection ratio is nearly linear (as seen in Fig. 4), that fact alone is not 
sufficient to conclusively prove that the materials in the pavement layers are in their 
linear range (Chen and Hugo 1998). 
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(b) 
Figure 4. FWD load-deflection relationship: (a) MFC; (b) MFS.
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 Figures 5 and 6 display the variation in FWD deflections D0 and D5 along the 
instrumented wheel paths (LANE 2 and LANE 5) in flexible test sections MFC and MFS, 
respectively. Note that deflection D0 (at 0-mm offset from the load center) is generally a 
function of diameter of loading plate, applied load, and pavement structure as a whole; 
deflection D5 (at 1524-mm offset from the load center) is predominantly governed by the 
subgrade properties. From the figures, subgrade behavior (based on deflection D5) seems 
to be fairly uniform in the wheel paths for both MFC and MFS. In the case of deflection 
D0, some variability is observed for MFS test section. All test data referenced in this 
paper are available for download or direct access on the FAA Airport Pavement 
Technology web site: www.airtech.tc.faa.gov/naptf/. 
 
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
950 1000 1050 1100 1150 1200
Station (m)
F
W
D
 D
e
fl
e
c
ti
o
n
, 
D
0
 (
m
m
)
B777 Lane (LANE 2)
B747 Lane (LANE 5)
MFC
 
(a) 
0.000
0.005
0.010
0.015
0.020
0.025
0.030
0.035
0.040
0.045
950 1000 1050 1100 1150 1200
Station (m)
F
W
D
 D
e
fl
e
c
ti
o
n
, 
D
5
 (
m
m
)
B777 Lane (LANE 2)
B747 Lane (LANE 5)
MFC
 
(b) 
Figure 5. Variability in FWD deflections along the length of MFC test section: (a) D0, (b) 
D5. 
Reference to this paper should be made as follows: Gopalakrishnan, K. and Ceylan, H. (2008). “Stiffness 
Characterization of Full-scale Airfield Test Pavements Using Computational Intelligence Techniques,” 
Institution of Engineers Singapore Journal Part A: Civil and Structural Engineering, Vol. 1, No. 4, pp. 280-
290. 
 
 10 
0.00
0.05
0.10
0.15
0.20
0.25
1250 1300 1350 1400 1450
Station (m)
F
W
D
 D
e
fl
e
c
ti
o
n
, 
D
0
 (
m
m
)
B777 Lane (LANE 2)
B747 Lane (LANE 5)
MFS
 
(a) 
0.000
0.005
0.010
0.015
0.020
0.025
0.030
0.035
0.040
0.045
1250 1300 1350 1400 1450
Station (m)
F
W
D
 D
e
fl
e
c
ti
o
n
, 
D
5
 (
m
m
)
B777 Lane (LANE 2)
B747 Lane (LANE 5)
MFS
 
(b) 
Figure 6. Variability in FWD deflections along the length of MFS test section: (a) D0, (b) 
D5. 
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4. ANNs-based backcalculation models 
It has been customary to use resilient modulus (ER) for the elastic stiffness of the 
pavement materials defined as the repeatedly applied wheel load stress divided by the 
recoverable strain determined after the shakedown of the material. Unbound granular 
materials used in the base/subbase layer of an AC pavement show stress-hardening type 
behavior (increase in resilient modulus with increasing hydrostatic stress) and fine-
grained subgrade soils show stress-softening type behavior (reduction in resilient moduli 
with increased deviator stress). Therefore, the layer modulus is no longer a constant 
value, but a function of the stress state. Such nonlinear, stress-dependent 
characterizations of geomaterial layer stiffness need to be properly accounted for in the 
nondestructive evaluation of existing pavements, i.e. the backcalculation of layer moduli 
from FWD testing. 
 Previous research studies have shown the non-linear stress-dependent behavior of 
pavement geomaterials at the NAPTF. Gomez-Ramirez and Thompson (2002) reported 
the presence of geomaterial non-linearity at NAPTF by separately analyzing the 
individual layer compression from Multi-Depth Deflectometer (MDD) readings. Garg 
and Marsey (2002) have similarly observed the stress-dependent nature of the granular 
and subgrade layers in NAPTF flexible test sections. Therefore, pavement structural 
models which can take into account non-linear geomaterial characterization, such as the 
ILLI-PAVE finite element program need to be employed to perform NAPTF pavement 
structural analysis and more realistically predict pavement responses needed for 
mechanistic based pavement design. 
 Over the years, ANNs have emerged as successful computational tools for 
studying a majority of pavement engineering problems (Meier and Rix 1995, Meier et al. 
1997, Gucunski and Krstic 1996, Khazanovich and Roesler 1997, Kim and Kim 1998, 
Ceylan 2002, Ceylan et al. 2004). In the development of the new mechanistic-empirical 
pavement design guide (MEPDG) for the American association of state highway and 
transportation officials (AASHTO), ANNs have been recognized as nontraditional, yet 
very powerful computing techniques and were used in preparing the concrete pavement 
analysis package (NCHRP 2004).  
 In this study, ANN-based structural models trained and tested using the ILLI-
PAVE finite element solutions database, considering the nonlinear stress-dependent 
geomaterial characterization, were employed to accurately predict pavement layer moduli 
from realistic FWD deflection basins acquired at the NAPTF.  
5. Generation of ANN training and testing dataset 
In a recent research study conducted at Iowa State University, ANN structural models 
were developed and validated for backcalculating the pavement layer moduli from 
realistic 40-kN (9,000-lb) FWD deflection basins of flexible pavements (Ceylan et al. 
2004). These ANN models have been comprehensively trained and tested over a wide 
range of pavement layer properties and are therefore expected to produce realistic 
backcalculation results for NAPTF flexible pavement test sections. A brief description of 
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the ANN model development and generation of training and testing dataset using ILLI-
PAVE software is presented below. 
 A generic three-layer flexible pavement structure consisting of AC surface layer, 
unbound aggregate base layer, and subgrade layer was modeled in ILLI-PAVE. The top 
surface AC layer was characterized as a linear elastic material with Young’s Modulus, 
EAC, and Poisson ratio, ν. The K-θ model (Hicks and Monismith, 1971) was used as the 
non-linear characterization model for the unbound aggregate layer: 
 
n
R KE              (1) 
where ER is resilient modulus,  = 1 + 2 + 3 = 1 + 23 = bulk stress, and K and n are 
multiple regression constants obtained from repeated load triaxial test data on granular 
materials. Based on the work of Rada and Witczak (1981) with a comprehensive granular 
material database, K and n model parameters can be correlated to characterize the non-
linear stress dependent behavior with only one model parameter using the following 
equation (Rada and Witczak, 1981) (R
2
 = 0.68; SEE = 0.22): 
 
  nKLog  807.1657.410          (2)           
 Accordingly, good quality granular materials, such as crushed stone, show higher 
K and lower n values, whereas the opposite applies for lower quality aggregates.  
Following the study by Rada and Witczak (1981), the K-values used typically ranged 
from 20.7 MPa (3 ksi) to 82.7 MPa (12 ksi) and the corresponding n-values were 
obtained from equation 2. 
 Fine-grained soils were considered as no-friction but cohesion only materials and 
modeled using the commonly used bi-linear model (Thompson and Elliot, 1985) for 
resilient modulus characterization: 
 
diddidRiR
diddidRiR
forKEE
forKEE




).(
).(
2
1
       (3) 
where ERi is the breakpoint resilient modulus, σd is the breakpoint deviator stress (σd = 1 
- 3), σdi is the breakpoint deviator stress, and K1 and K2 are statistically determined 
coefficients from laboratory tests. As indicated by Thompson and Elliot (1985), the value 
of the resilient modulus at the breakpoint in the bilinear curve, ERi, can be used to classify 
fine-grained soils as being soft, medium or stiff. The ERi is the main input for subgrade 
soils in ILLI-PAVE. The bilinear model parameters were set to default values. Also, the 
Asphalt Institute’s Thickness Design Manual MS-1 (1982) recommends ERi as the 
subgrade modulus input for ELP analysis.  
 Thus, asphalt concrete modulus, EAC, granular base K-θ model parameter K, and 
the subgrade soil break point deviator stress, ERi, in the bilinear model were used as the 
layer stiffness inputs for all the different flexible pavement ILLI-PAVE runs. The 40-kN 
(9,000-lb) wheel load was applied as a uniform pressure of 552 kPa (80 psi) over a 
circular area of radius 152 mm (6 in) simulating the FWD loading. The thickness and 
moduli ranges used in the ILLI-PAVE database generation are summarized in table 1 
(Ceylan et al. 2004). 
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Table 1. Range of inputs used in developing ILLI-PAVE synthetic database. 
 
Material  
Type 
Layer  
Thickness 
Material 
Model 
     Layer Modulus  
Inputs 
 
Poisson’s Ratio 
Asphalt  
Concrete 
hAC = 76 to 381 
mm (3 to 15 in.) 
Linear  
Elastic 
EAC = 690 to 13,800 MPa 
         (100 to 2,000 ksi) 
 = 0.35  
 
Unbound 
Aggregate  
Base 
hGB = 102 to 559 
mm (4 to 22 in.) 
Nonlinear 
K- model 
MR = K
n
 
“K” = 20.7 to 82.8 MPa 
     (3 to 12 ksi) 
 = 0.35  for 
K ≥ 34.5 MPa (5 ksi) 
 = 0.40  for   
K < 34.5 MPa (5 ksi) 
Fine-
grained 
Subgrade  
7,620 mm (300 in.) 
minus total      
pavement thickness 
Nonlinear 
Bi-linear 
Model 
MR = f (ERi)  
ERi = 6.9 to 96.5 MPa 
   (1 to 14 ksi) 
 = 0.45 
 
 A total of 24,093 ILLI-PAVE finite-element runs were conducted by randomly 
choosing the pavement layer thicknesses and input variables within the given ranges in 
table 1 to generate a knowledge database for ANN trainings (Ceylan et al. 2004).  
6. Development of backpropagation type neural network models 
Backpropagation type ANN models were trained in this study with the ILLI-PAVE 
synthetic solutions database and were used as rapid analysis tools for predicting flexible 
pavement layer moduli. Backpropagation ANNs are very powerful and versatile networks 
that can be taught a mapping from one data space to another using a representative set of 
patterns/examples to be learned. The term backpropagation network actually refers to a 
multi-layered, feed-forward neural network trained using an error backpropagation 
algorithm. The learning process performed by this algorithm is called backpropagation 
learning, which is mainly an error minimization technique (Haykin, 1999). 
 Two separate ANN backcalculation models, one for predicting EAC of the AC 
layer and another for predicting the ERi value of the subgrade using the six pavement 
surface deflections (D0 to D5) and two layer thicknesses, hAC (AC layer thickness) and 
hGB (granular base thickness) were designed. The ANN models therefore had eight input 
parameters and one output each. A training data file was formed using the 24,093 ILLI-
PAVE runs. Of these, 1,000 datasets were set aside for use as an independent testing set 
to conduct proper training and validate the performance of the trained ANN models. 
 A neural network architecture with two hidden layers was exclusively chosen in 
accordance with the satisfactory results obtained previously with such networks 
considering their ability to better facilitate the nonlinear functional mapping (Ceylan, 
2002). The following notation is generally used to refer to a particular type of ANN 
architecture that has two hidden layers: (# inputs)-(# hidden neurons)-(# hidden neurons)-
(# outputs). For example, the notation 10-40-40-3 refers to an ANN architecture that 
takes in 10 inputs, has 2 hidden layers consisting of 40 neurons each, and produces 3 
outputs. 
 In this study, the 8-60-60-1 architecture was chosen as the best architecture for the 
ANN models based on its lowest training and testing Mean Square Errors (MSEs) in the 
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order of 1×10
-4
 (corresponding to a Root Mean Squared Error [RMSE] of 0.3%) for both 
output variables, EAC and ERi. Figure 7 shows the ANN training progress curves for 
10,000 learning cycles or training epochs. Figure 8 depicts the prediction ability of the 
network at the 10,000
th
 training epoch. Average absolute errors (AAEs) were calculated 
as sum of the individual absolute errors divided by the 1,500 independent testing patterns. 
The AAE for the AC layer moduli was a low 0.7% while the AAE for the subgrade 
breakpoint moduli ERi was only 1.4%. As shown in Fig. 8, all 1,000 ANN predictions fell 
on the line of equality for the 2 pavement layer moduli thus indicating a proper training 
and excellent performance of the ANN based backcalculation models. 
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Figure 7. Training progress of ANN backcalculation models.
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Figure 8. Prediction performance of the ANN backcalculation models for 10,000 learning 
cycles: (a) AC modulus; (b) subgrade modulus.
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7. Backcalculation of NAPTF pavement layer moduli using ANN models 
The use of backcalculation techniques to predict elastic modulus from FWD test data 
provides a viable alternative to laboratory testing and has a great potential for supporting 
stiffness inputs to a priori mechanistic-based pavement analysis and design. The overall 
time and expense associated with FWD testing is less than laboratory testing. A better 
representation of the natural and random variability of properties along the pavement is 
obtained in using backcalculated modulus values. The backcalculation approach is 
particularly appealing for characterizing subgrade soils which display large variability in 
subgrade modulus (as large as 35-50% over few miles of a pavement) (Thompson et al. 
1998). 
 Although there are many benefits associated with FWD-based backcalculation 
procedures, there are limitations and uncertainties associated with them as well. They do 
not always provide unique solutions. That is, there may be more than one combination of 
layer moduli for the same FWD deflection basins. In reality, pavements are subjected to 
dynamic loads, whereas most backcalculation programs assume that pavements are 
loaded statically from the FWD load. Most traditional backcalculation programs assume 
that pavement layers are linear elastic and use elastic multi-layer theory in forward 
calculation whereas in reality, AC is an elastic visco-plastic material and the base, 
subbase and subgrade layers are stress-dependent. Also, accurate pavement structure 
(layer thicknesses) and subsurface information (depth to bedrock, etc.) are required as the 
results of backcalculation are sensitive to characteristics of the pavement structure 
(Lytton 1989).  
 The primary objective of this research was to employ ANN-based structural 
models to accurately predict flexible airport pavement layer moduli from realistic FWD 
deflection basins acquired at the NAPTF. The approach was to predict pavement layer 
moduli from NAPTF FWD data using the ANN models and compare ANN results to 
those obtained using a conventional ELP-based backcalculation program. 
 The BAKFAA ELP-based backcalculation programme was used for comparison 
purposes. BAKFAA was developed under the sponsorship of the FAA Airport 
Technology Branch and is based on the LEAF elastic layered program (Hayhoe 2002). In 
this program, the pavement layer moduli and subgrade moduli are adjusted to minimize 
the root mean square of the differences between FWD sensor measurements and the 
LEAF-computed deflection basin for a specified pavement structure. A standard 
multidimensional simplex optimization routine is then used to adjust the moduli values 
(McQueen et al. 2001). A stiff layer with a modulus of 6.9 GPa (1,000,000 psi) and a 
Poisson’s ratio of 0.50 was used in backcalculation. Based on the as-constructed 
conditions, the stiff layer was set at 3 m (10 ft) for the medium-strength flexible test 
sections. 
 As mentioned previously, the 40-kN (9,000-lb) FWD uniformity tests at NAPTF 
were conducted on June 14, 1999. The average daily pavement temperature on June 14, 
1999 was 21.2 
0
C (70.1 
0
F). The ANN moduli predictions obtained from 40-kN (9,000-
lb) NAPTF FWD uniformity test results are shown for the B777 and B747 traffic lanes 
along the length of the MFC and MFS test sections in Fig. 9. Similarly, the subgrade 
moduli predictions are shown in Fig. 10. 
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Figure 9. ANN prediction of asphalt concrete moduli from NAPTF FWD deflection data: 
(a) MFC; (b) MFS. 
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Figure 10. ANN prediction of subgrade moduli from NAPTF FWD deflection data: (a) 
MFC; (b) MFS. 
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 In general, the ANN predicted results are consistent. The variability in ANN 
predicted AC moduli is higher in MFC section compared to the MFS section. Note that 
the MFS test section had a total AC thickness of 254 mm (10 in.) whereas the MFC 
section had an AC thickness of only 127 mm (5 in.) and therefore the variability in 
predicted AC moduli values is expected to be higher in MFC section. In the case of 
subgrade moduli, the ANN predictions are similar for both the traffic lanes in MFC 
section, while there are some differences between the traffic lanes in the MFS test 
section. 
 The ANN predicted NAPTF flexible pavement layer moduli are compared with 
conventional backcalculation (BAKFAA) solutions in Fig. 11. Note that the ELP-based 
backcalculation program, BAKFAA, assume the subgrade to be linear elastic whereas the 
ANN prediction methodology considers the non-linear stress-dependent subgrade 
properties. The differences in the moduli predictions between the two methods may be 
attributed to the different methodologies (elastic-layer program based versus finite 
element based) used in predicting the layer moduli. Overall, the NDT deflection response 
and the backcalculated AC and subgrade moduli are fairly uniform within a given test 
section. 
 
 The results from laboratory resilient modulus tests (following an adaptation of 
AASHTO T292 procedure) conducted on NAPTF subgrade soil samples indicated that 
the modulus for medium-strength subgrade is 86 MPa (12,500 psi) at a confining stress of 
41 kPa (6 psi) and a deviator stress of 14 kPa (2 psi). At a deviator stress of 41 kPa (6 
psi), the resilient modulus is 62 MPa (9,000 psi) for medium-strength subgrade. These 
results are based on laboratory testing of subgrade soil samples obtained from test pits 
before the NAPTF test sections were opened to trafficking (Hayhoe and Garg 2001). 
Note that the subgrade resilient modulus predicted by the ANN model corresponds to a 
deviator stress of 41 kPa (6 psi). Also, the AC resilient modulus based on laboratory test 
results was reported as 3.4 GPa (500 ksi) at 21.2 
0
C (70.1 
0
F) (Gopalakrishnan 2004). The 
ANN predicted moduli values are consistent with the laboratory resilient modulus test 
results. 
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Figure 11. Comparison of ANN predicted moduli with conventional backcalculation 
(BAKFAA) solutions: (a) AC moduli; (b) subgrade moduli. 
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8. Summary and conclusions 
The primary objective of this research was to employ ANN-based structural models to 
accurately predict flexible airport pavement layer moduli from realistic FWD deflection 
basins acquired at the U.S. Federal Aviation Administration’s (FAA’s) National Airport 
Pavement Test Facility (NAPTF). Nondestructive tests using the FWD were conducted 
on NAPTF flexible pavement test sections prior to traffic testing to document the 
uniformity of pavement test sections.  
 Unlike the linear elastic layered theory commonly used in pavement layer moduli 
backcalculation, realistic geomaterial stiffness models were used in the ILLI-PAVE finite 
element program to account for the typical stress-hardening behavior of unbound 
granular materials and stress-softening behavior of the fine-grained subgrade soils. The 
ANN based backcalculated moduli results were compared with those obtained using a 
traditional elastic layered program based backcalculation software. It was shown that 
ANNs are capable of mapping complex relationships between the FWD deflection basins 
and pavement layer moduli for nonlinear, stress-dependent pavement infrastructure 
systems. Overall, the NDT deflection response and the backcalculated AC and subgrade 
moduli are fairly uniform within a given test section. Although the ANN prediction 
models were originally developed for highway flexible pavements, it was shown that they 
could be successfully applied to airfield pavement evaluation provided the pavement 
structure and FWD loading/plate configurations are similar. Future research efforts will 
focus on studying the reliability and variation of pavement deflection data and associated 
backcalculation results. 
 A major benefit of applying the developed ANN based backcalculation techniques 
in routine NDT evaluations will come from the very high-speed data processing and 
analyses that can even be performed in the field. The ANN models developed in this 
study are about two times faster than the ILLI-PAVE FE model solutions and they do not 
require lengthy and detailed FE pre- and post-processing tasks. The rapid prediction 
ability of the ANN backcalculation models (100,000 FWD deflection basins can be 
analyzed in less than a second) makes them perfect tools for analyzing the NDT 
deflection data, and thus assessing the condition of the pavement sections, in real time 
during the field tests. 
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